The Crystal Structure of ␣-BTX-HAP stricted combinatorial peptide library based on rational A co-crystal of ␣-BTX with the high affinity peptide WRYreplacement of a limited number of amino acid residues YESSLLPYPD was grown, and designated ␣-BTX-HAP. in the lead peptide. Several peptides that bind ␣-BTX This is a novel report on a crystal structure of a complex with high affinity and inhibit its binding to TcAChR with of ␣-BTX with an AChR-related peptide. The refined an IC 50 in the nanomolar range have been produced structure of ␣-BTX-HAP contains two monomers of (Table 1 ). This affinity is in the range of that reported for ␣-BTX and two associated 13-mer peptides in the asymthe binding of ␣-BTX to the AChR ␣ subunit (Tzartos metric unit. The final R factor is 20.2%, and R free is and Changeux, 1984). The inhibitory potency of the high 23.5%. The quality parameters of the refined structure affinity peptides (HAP) is at least two orders of magniare listed in Table 2 . The Ramachandran plot for the tude better than the inhibition obtained by the original structure shows no residues in disallowed regions (Figphage library lead peptide (Balass et al., 1997) , and one ure 1). The structure contains 217 water molecules. The order of magnitude or more better than any synthetic crystallographic packing produces two kinds of 2-fold peptide (13-17 residues long) corresponding to serelated dimers. The crystallographic dimer of monomers quences from the ␣-BTX binding site of AChR (Table 1) .
A-A displays a continuous ␤ sheet area across the 2-fold In the present study, we have determined the crystal axis perpendicular to the ␤ strands, similar to the one structure of the complex formed between one HAP seen in the X-ray structure of ␣-BTX (Protein Data Bank (WRYYESSLLPYPD) and ␣-BTX at 1.8 Å resolution. This ID code 2abx) (Love and Stroud, 1986), even though the HAP differs from the library lead peptide by only three unit cell and space group are different. In this dimer, residues; however, this difference causes an increase the two HAP peptides are situated far apart (ca. 40 Å ) in its binding to ␣-BTX, by more than two orders of from each other (Figure 2a ). The crystallographic dimer magnitude. We have demonstrated that this HAP fits of monomers B-B has a 2-fold axis in the plane of the snugly to the toxin, making numerous interactions with ␤ strands (Figure 2b ). The two monomers, with their three of its fingers. It assumes a loop conformation, with associated HAPs, were refined independently. The RMS two ␤ strand sections, one of which makes a ␤ sheet deviation of the C␣'s of the ␣-BTX monomers A and B with an ␣-BTX strand. The structural data can be used is 0.64 Å (using all 74 residues) and of the HAPs associfor the design of peptide ligands having a desired highly ated with monomers A and B (using 12 residues of the specific biological activity and contribute to resolving HAP) is 0.68 Å (Table 3) . Differences larger than 1.2 Å the fine structure of the AChR ligand binding site in are seen in three loops of the two independent ␣-BTX general. The structure of the peptide and the homolomolecules. The two HAPs show a large C␣ difference gous loop of the AChBP, a soluble analog of the extracel-(1.5 Å ) only in their N-terminal Trp position. The monolular domain of the acetylcholine receptor, are remarkmers show surprising differences in their average temably similar. From this it was possible to construct a perature factors, 22.2 Å Ϫ2 for ␣-BTX monomer A, and detailed model of the interaction of ␣-BTX with the pen-27.7 Å Ϫ2 for monomer B. Monomer A also displays signiftameric AChBP, and by analogy, to see the interaction icantly more residues with alternate conformation (see of ␣-BTX with the AChR. The toxin is seen to wrap below), and all 13 residues in its associated HAP can around the receptor binding site loop, and in addition, be seen, but only 12 in monomer B complex. The higher to bind tightly, in an interlocking fashion, at the interface degree of order in monomer A may be due to its crystal of two of the receptor subunits where it inserts a finger packing environment. Monomer A, together with its asinto the ligand binding site. This reveals how the toxin sociated HAP, has 96 packing contacts (shorter than blocks access to the acetylcholine binding site and thus 3.6 Å ) to symmetry-related molecules, while monomer B has only 50 such contacts. Dynamic light scattering explains its strong antagonistic activity. hairpin assume a ␤ sheet conformation, with residues Arg188-Tyr190 making an intermolecular interaction with ␣-BTX residues Val39-Glu41, and residues Leu195- The substitution of Ser196Pro adds to the stability of containing these subunits do not bind ␣-BTX. In conthe binding conformation of the peptide. Proline at this trast, the neuronal receptor containing ␣7, which has a position is found in AChR sequences (196 in the ␣7 and Tyr at this position, does bind ␣-BTX. The X-ray structure the homologous 197 in ␣1). The proline fits well in a shows that Tyr189 cannot be changed to Lys without hydrophobic pocket. It is situated at the core of the clashes in the ␣-BTX binding cavity. This explains the HAP's intramolecular ␤ sheet, and makes stacking interresistance of neuronal ␣2, ␣3, and ␣4 AChRs to ␣-BTX.
actions with Tyr189 and edge-on interactions with This is also supported by our previous findings demonTrp187. The X-ray structure does not explain the benefit strating that the mutation Tyr189Lys in the lead peptide of the Lys195Leu substitution. A peptide with Lys in position 195 showed also a tighter binding to ␣-BTX (Table 1) . the different environments in which these residues are (Table 1) , the RMS of C␣ for the 12 residues is just 0.76 Å . It thus seems that ure 7). As is evident from the X-ray structure, the major intereven the short 13-mer binding HAP assumes a structure similar to the corresponding region of AChR upon bindactions between ␣-BTX and the HAP, and by the analogy to the AChR ␣ subunit, occur in residues 187-192 of ing to ␣-BTX.
The superposition of the HAP on loop 182-193 of that subunit. These interactions are listed in Table 5 (Table 2) were collected on an R-AXISwas prepared by conventional solid-phase peptide synthesis, using a few reaction vessels of an ABIMED AMS-422 automated solid-II detector at 100 K, from a single crystal that had been dipped in oil. Attempts at solving the crystal structure by molecular replacement phase multiple peptide synthesizer (Langenfeld, Germany). 
